Xylella fastidiosa is a xylem-limited bacterium in plant hosts and causes Pierce's disease (PD) of grapevines, which differ in susceptibility according to the Vitis species (spp.). In this work we compared X. fastidiosa biofilm formation and population dynamics when cultured in xylem saps from PD-susceptible and -resistant Vitis spp. under different conditions. Behaviors in a closed-culture system were compared to those in different sap-renewal cultures that would more closely mimic the physicochemical environment encountered in planta. Significant differences in biofilm formation and growth in saps from PD-susceptible and -resistant spp. were only observed using sap renewal culture. Compared to saps from susceptible V. vinifera, those from PD-resistant V. aestivalis supported lower titers of X. fastidiosa and less biofilm and V. champinii suppressed both growth and biofilm formation, behaviors which are correlated with disease susceptibility. Furthermore, in microfluidic chambers X. fastidiosa formed thick mature biofilm with three-dimensional (3-D) structures, such as pillars and mounds, in saps from all susceptible spp. In contrast, only small aggregates of various shapes were formed in saps from four out of five of the resistant spp.; sap from the resistant spp. V. mustangensis was an exception in that it also supported thick lawns of biofilm but not the above described 3-D structures typically seen in a mature biofilm from the susceptible saps. Our findings provide not only critical technical information for future bioassays, but also suggest further understanding of PD susceptibility.
Introduction
Xylella fastidiosa is a xylem-limited, Gram-negative bacterium that causes devastating diseases such as Pierce's disease (PD) in grapevines, citrus variegated chlorosis in sweet oranges, and numerous other diseases in economically important plants, including the recently identified
Bacterial strains
Wild-type X. fastidiosa strain Temecula 1 (TM1) was maintained at 28°C on PW (Periwinkle Wilt) agar [28] modified by omitting phenol red, and by adding 10 mL L -1 of bovine serum albumin (BSA) fraction V solution (Life Technologies). The TM1 enhanced green fluorescent protein (eGFP)-tagged strain KLN59.2 [29] was cultured similarly but with the addition of 50 μg mL -1 kanamycin. The bacteria were stored at -80°C in modified PW broth [28] containing 20% glycerol.
Biofilm quantification in closed cultures in 96-well plates
Initial experiments were done to determine if sap from different Vitis spp. affected biofilm formation by X. fastidiosa. Cells from seven to 10-day-old X. fastidiosa cultures were collected from PW plates, acclimated to V. vinifera sap by serial daily passages in 50:50, 80:20, 90:10 and finally 100% sap:PD2 broth (vol:vol) as previously described [27] , starting with a suspension OD 600 = 0.05. In each passage cells were pelleted by 10,000 x g centrifugation for five minutes, and resuspended in the next sap:PD2 broth mixtures. When in 100% sap, cells were resuspended in saps from the species listed above and adjusted to an OD 600nm = 0.05. One hundred and fifty microliters of each sap-X. fastidiosa suspension was added to each well of 96-well polystyrene plates (Corning). The plates were then sealed with a Microseal 'B' adhesive seal (BioRad) before placing the lid and sealing the whole plate with Saran Wrap to prevent evaporation. Cultures were maintained for 10 days at 28°C with 185 rpm rotation. Plates were then carefully opened to prevent disruption of biofilms on well surfaces and rinsed three times with 200 μL per well of distilled water to remove planktonic cells and any cells loosely attached or deposited on the bottom of the well. To measure the degree of biofilm formed by remaining attached cells, 200 μL of aqueous 0.1% crystal violet was added to each well and plates were kept at room temperature (~23°C) for 20 mins. Plates were washed three times as before with water, followed by the addition of 200 μL of 1% sodium dodecyl sulfate (SDS) and agitated for five minutes. The SDS-dye solution was measured at OD 600nm in a Synergy 2 plate reader (Biotek). A minimum of three biological replicates was assayed for each media condition (with a minimum of three technical replicates each).
Biofilm and population determination in semi-renewed cultures in glass tubes
To help reduce the effect of nutrient depletion on biofilm formation in closed cultures, experiments using sap renewal were conducted with saps from V. vinifera (PD susceptible), V. aestivalis (resistant) and V. champinii spp (resistant) as described above with some modifications. Briefly, X. fastidiosa cells were acclimated to each sap separately, allowing 24 h incubation for each passage: 50:50, 80:20, 90:10 100% sap:PD2 broth (vol:vol), before being inoculated into 100% sap of the same species in glass tubes. Each glass tube (13 x 100 mm) contained 2 mL of the sap-X. fastidiosa culture at an initial OD 600 = 0.05, and was incubated at 28°C with shaking at 185 rpm. For the biofilm assays, saps were changed carefully at two, four and six-days postinoculation without disturbing the biofilm rings: at each time point, each culture was transferred with a 5 mL pipette tip into a sterile 2.2 mL microcentrifuge tube for centrifugation at 10,000 x g for 5 mins, the supernatant was discarded and the pelleted cells were suspended in 2 mL of fresh sap of the same species in the original tube. The biofilm was quantified by crystal violet staining at day eight as previously described [27] . A closed culture control for each sap was performed as described above except the sap was not renewed. Four biological replicates from individually acclimated cells were included for each treatment and the experiment was repeated twice.
To measure bacterial populations in the culture, saps were changed the same way as described above. That is every two days bacterial cells (both planktonic and biofilm) in each glass tube were collected and centrifuged, followed by discarding the supernatant and adding fresh sap to the pelleted cells. Cells in each tube were then dispersed by extensive repetitive pipetting before immediately serially diluted and plated onto PWG (Periwinkle Wilt Gelrite) plates at days zero, four, and eight. Dispersal of cells was essential to break up aggregates as thoroughly as possible so that individual colonies on plates could be generated from single cells. The plates were incubated at 28°C for approximately 14 days and bacterial colonies were counted. Representative colonies were confirmed by PCR with X. fastidiosa specific RST31/33 primers [30] . Four replicates were included for each treatment and the experiment was repeated twice.
Biofilm formation, aggregation, and cell viability in microfluidic chambers
Microfluidic chambers were fabricated as previously described [31] . The device used in this study had two channels 26 mm long, 1 mm wide, and 0.16 mm in height. Continuous sap flow through the chamber was maintained at 0.2 μL min -1 with a syringe pump (PicoPlus, Harvard Apparatus), corresponding to a flow speed of~1.250 μm min -1 . Cells were acclimated to V. vinifera sap as described in the biofilm assays in 96-well plates, and approximately 100 μL of cells at OD 600nm = 0.05 were introduced in each channel and observed for up to 10 days. Phenotypes were evaluated in each sap type at least three times.
To determine the presence of live and dead cells, KLN59.2 cells [29] were analyzed with an Olympus BX61 confocal laser scanning microscope coupled to a 544 nm helium neon laser and a 488 nm argon laser. Images were captured and analyzed with Fluoview 5.0 software (Olympus). Non-viable (dead) cells were detected with propidium iodide (PI) (Life Technologies). After four days of culturing with continuous flow in the microfluidic chamber as described above, the syringe containing sap (V. vinifera or V. champinii) was filled with the same sap type plus PI at a final concentration of 2 μg mL -1 and continuous flow was resumed. After an additional six days (at day 10 from the beginning of the experiment) images were captured. Live KLN59.2 cells were detected through fluorescence of the eGFP and dead cells were detected through fluorescence of PI. In merged images dead cells devoid of eGFP appear only red (as in the V. champinii samples) whereas dead cells that still retained eGFP fluorescence appear yellow (as some in the V. vinifera samples). The experiment was performed with sap from each Vitis spp. at least three times. Scanning electron microscopy was performed as previously described [31] .
Statistical analysis
All statistical analyses were performed using the R program. To compare the mean biofilms or populations between treatments, a linear mixed effects model was used to include fixed effects of sap type, culturing, and an interaction between sap type and culturing and random effects to capture variability between the experiments. Post hoc comparisons between the treatments were performed using Tukey's HSD (honest significance difference) to correct for multiple comparisons. A residual analysis was performed to assess the validity of the assumptions of normality and homogeneous variances. A p value less than 0.01 was considered to be significant.
Results

Impact of sap renewal on X. fastidiosa biofilm formation in different saps
As an initial screen, we assessed biofilm experiments when cells were in closed culture conditions in 96-well plates. The results indicated that saps vary with regard to biofilm formation and one of the resistant saps, V. champinii sap, supported less biofilm formation than other saps ( Fig 1A) . When compared as two groups, no clear difference was observed between biofilm formation in saps from the susceptible and resistant spp. (p > 0.1), when including or excluding V. champinii in the analysis.
To exclude the possibly that nutrient depletion might have an effect in the observed phenotypes, we then chose saps from V. vinifera, V. aestivalis, and V. champinii as the representatives of PD-susceptible and resistant spp., respectively, and examined biofilm formation when saps were renewed every two days in glass tubes. Results were compared to biofilm formation in the same saps in glass tubes under closed culture. For the closed culture, X. fastidiosa formed similar levels of biofilm in V. vinifera and V. aestivalis (p > 0.1) and more biofilm in V. champinii (p < 0.01) eight days post-inoculation ( Fig 1B) . In contrast, when sap was renewed, biofilm in V. vinifera sap was more than twice as great as that in V. aestivalis (p < 0.001), and more than seven times greater than that of V. champinii (p < 0.001). When the two culturing conditions were compared within each sap, significantly more biofilm was formed in the renewed as compared to closed culture in V. vinifera (p < 0.001), whereas the biofilm remained unchanged between the two culture systems (p = 0.01) in V. aestivalis and was reduced when sap was renewed compared to closed culture for V. champinii (p < 0.001). Taken together, data in Fig  1B shows that: 1) sap renewal culture has a significant impact on X. fastidiosa biofilm formation and 2) biofilm formation differences in saps from PD-susceptible V. vinifera versus resistant V. aestivalis and V. champinii are most pronounced in sap renewed culture.
Comparison of X. fastidiosa population dynamics in different saps with sap renewal
After initial entry into the xylem X. fastidiosa replicates and spreads, and once a threshold population level is reached, cells switch from a motile to a sessile state and form aggregates and biofilms, leading to the clogging of xylem vessels and disease [6] . Therefore, X. fastidiosa virulence-associated behaviors, such as biofilm formation, can be regulated in a cell densitydependent manner (i.e. via quorum-sensing) [32] , and thus bacterial growth is a critical step preceding the formation of biofilm. As X. fastidiosa formed significantly more biofilm in V. vinifera as compared to V. aestivalis or V. champinii in sap renewal cultures, we hypothesized that bacterial growth would be greater in V. vinifera sap.
To assess growth, X. fastidiosa cells were grown in the same way as they were for biofilm experiments shown in Fig 1B and population dynamics were determined by serial dilution plating at day zero, four, and eight. From day zero to day four the average populations declined in all three saps (Fig 2) . However, the level of reduction in V. vinifera (~2.0 log units) sap was significantly less than those in V. aestivalis (~4.7 log units, p < 0.001) and V. champinii saps (6 .0 log units, p < 0.001). From day four to day eight, although populations in V. vinifera and V. aestivalis saps both increased, the average population level in V. vinifera was significantly higher by day eight (~3.5 log units) than that in V. aestivalis (p < 0.01). X. fastidiosa remained undetectable in V. champinii sap at both days four and eight. These data indicate that by growing X. fastidiosa in sap renewal culture a significantly greater population is achieved when cells are in V. vinifera sap as compared to saps from both resistant Vitis spp., and also that sap from V. champinii has an inhibitory effect on X. fastidiosa growth.
Sap culture in microfluidic chambers to study X. fastidiosa biofilm formation and population dynamics Since sap renewal culture had a significant effect on bacterial population dynamics and biofilm formation, we also examined culturing with continuous renewal in microfluidic chambers ( Fig  3A) . This technology was previously used in our laboratory to study X. fastidiosa aggregation and twitching motility behaviors [33, 34] . Flow conditions in the chambers seek to mimic the plant xylem environment, in which sap is actively moving for water and nutrient transport. Culturing in chambers provides continuous fresh sap and allows for removal of bacterial cell waste and potential chemical inhibitors. It also allows for continuous observation of single cells and aggregates as well as side by side comparison of cellular behaviors in multiple saps by time-lapse imaging (Fig 3B) . After inoculation into V. vinifera sap, individual X. fastidiosa cells were observed attaching to the chamber wall surfaces and some cell aggregates were visible on day one (Fig 3B) . By day four additional aggregates formed, frequently with radiating or star-shaped clusters of cells. By day seven, a lawn of cells covered the chamber surfaces and by day ten, a mature 3-D biofilm was evident. In contrast, in V. champinii sap although the initial cells attached to the chamber surfaces on day one, they stopped dividing, formed numerous small star-shaped aggregates (rod-shaped cells joined together at one cell pole), and were unable to form large aggregates or a lawn of cells at day ten. This result was consistent with the renewal growth and biofilm results and shows that direct acclimation in V. champinii or to V. vinifera prior to V. champinii (as described in Materials and Methods) had no impact. When the mature biofilm in V. vinifera was further examined in the Z-axis (orthogonal to chamber surface to which cells initially attached), three-dimensional structures such as pillars and mounds were observed, and some of these structures extended the entire height (160 μm) of the channel (Fig 3C) .
We also examined viability of the cells in the microfluidic chamber using the X. fastidiosa KLN59.2 strain expressing eGFP. Four days after cells were inoculated into the chamber, the inflow syringe was replaced with one containing the same sap plus PI, which only stains dead cells. At ten days post-inoculation, fluorescent images were captured and cells cultured in V. vinifera were mostly alive, as shown by the abundant living cells expressing eGFP and fewer dead cells stained by PI (Fig 4) , which appear yellow or red in the merged images. In contrast, no viable cells were observed in the V. champinii sap and they also showed no indication of eGFP fluorescence. These results are consistent with those from the sap renewal culture in that X. fastidiosa formed significantly more biofilm (Fig 1B) and maintained higher viable cell numbers (Fig 2) in V. vinifera as compared to V. champinii.
X. fastidiosa biofilm formation in saps of different Vitis spp. may be associated with susceptibility to PD Based on the observed behavioral differences of X. fastidiosa in V. vinifera and V. champinii saps in microfluidic chambers, we hypothesized that biofilm formation is a general characteristic that differentiates saps from susceptible and resistant Vitis spp. Therefore, we examined biofilm formation in saps from two additional susceptible and four resistant Vitis spp. to test this hypothesis. X. fastidiosa in saps from PD-resistant spp. formed small aggregates (V. cinerea and V. aestivalis) or star-shaped aggregates (V. arizonica) ten days post-inoculation (Fig 5) . V. mustangensis, was the exception in that it supported moderate amounts of biofilm and exhibited a thick cell lawn by day ten, similar to those observed in V. vinifera at day seven in Fig 3B. However, three-dimensional structures such as pillars and mounds were not observed in V. mustangensis, suggesting a structural difference as compared to the mature biofilm formed in V. vinifera. Overall, X. fastidiosa was qualitatively observed to produce thick biofilms in saps from both PD-susceptible spp. and little to no biofilm in saps from four of five of the PD-resistant spp. tested (Table 1) . Interestingly, observed behaviors of X. fastidiosa in V. vinifera Chardonnay saps collected from California and New York vines did not differ; both supported high populations and strong biofilm formation in the chambers.
Discussion
Research employing sap as the sole nutrient source for bacterial pathogens have highlighted its importance for examining pathogen virulence-associated behaviors that may occur in planta [27, 36, 37] . For example, compared to minimal or rich media, cabbage xylem sap induced specific transcriptional programming in Xanthomonas campestris pv. campestris, such as upregulation of genes involved in nutrient acquisition, detoxification, motility, and adhesion that are important during the early infection process. Moreover, biological studies with plant sap/ exudates revealed the metabolic requirements for microorganisms to proliferate in different plant niches [38] [39] [40] . For example, Salmonella enterica requires siderophore biosynthesis to replicate and colonize alfalfa roots and lettuce leaves, both of which are iron depleted environments for the bacterium; X. campestris pv. campestris was found to utilize plant derived N-acetylglucosamine as a substrate during growth in cabbage xylem sap as well as during plant infection; and Ralstonia solanacearum depletes oxygen in tomato xylem, resulting in low oxygen level in xylem sap but can respire using nitrate, which is abundant in sap during plant colonization. Therefore, in this research we utilized grape sap as a natural medium for culturing X. fastidiosa.
Studying behaviors of microorganisms in natural environments can be challenging. In vitro systems often need to be developed to allow efficiency to carry out multiple replications while mimicking as closely as possible the environment in which the organism lives. Indeed, an increasing number of studies have used more physiologically relevant environments such as chemostat systems and flowcells to study bacterial biofilm formation [41] [42] [43] . We previously developed and employed microfluidic chambers with artificial media to gain insight into X. fastidiosa motility and aggregation behaviors in xylem vessels [33, 34] . Here we incorporated this technology with the sap medium to further create a natural environment for studying this bacterium.
Culture conditions are known to impact bacterial cell morphology and biofilm formation [44, 45] . For example, Pseudomonas fluorescens formed less biofilm without medium renewal than with renewal, and medium renewal affected lipopolysaccharide modification of Escherichia coli cells in biofilms that resulted in reduced lipid A palmitoylation. To improve our understanding of how sap chemistry affects X. fastidiosa behaviors that are associated with disease development, we compared three culture systems: closed, sap renewal, and microfluidic chambers using saps from different Vitis spp. Major differences in biofilm formation and cell growth were discovered, which were affected by sap origin as well as culture system. For example, no difference in biofilm formation was found between X. fastidiosa grown in V. vinifera or V. aestivalis saps in the closed cultures (Fig 1B) . With sap renewal, significantly more biofilm developed in the susceptible but not in the resistant saps. This phenomenon was further confirmed in the microfluidic chambers, where X. fastidiosa formed thick lawns of biofilm in all V. vinifera Chardonnay CA ++ Susceptible [7, 35] V. arizonica -Resistant [7, 10] V. champinii (Ramsey or Salt Creek) -Resistant [7, 12] V. cinerea var. helleri -Resistant [13] V. mustangensis + Resistant [7, 11] V. aestivalis (Blue Lake) -Resistant [8] a PD, Pierce's disease.
b Qualitative biofilm rating with a scale rating from "-" (no biofilm) to "++" (most biofilm production). susceptible saps but only small aggregates of various shapes in four of five of the resistant saps tested (Fig 5) . Biofilm formation in V. champinii sap was less in polystyrene plates (Fig 1A) but more in glass tubes (Fig 1B) when compared to cells in saps from V. vinifera or V. aestivalis. This could due to many factors associated with the two environments, such as differences in surface materials [36, 46] or aeration [47] . Moreover, the sap chemistry of V. champinii appears unique in that it suppressed both biofilm formation and cell proliferation, which would be interesting for future research. X. fastidiosa populations declined in all three saps (V. vinifera, V. aestivalis, and V. champinii) during the initial stage even with culture renewal (Fig 2) . This could due to several possibilities. For example, immediately prior to adding cells to 100% sap they were grown in 90% and therefore possibly required acclimation to the new medium. It is also possible that because sap is nutrient poor [48] , fresh sap needed to be provided more frequently than every two days. With sap renewal culture, cells acclimated in V. vinifera sap developed greater populations than acclimated cells in V. aestivalis or V. champinii saps eight days after inoculation. This result was also observed, and even more pronounced, in the microfluidic chambers where no viable cells were observed in V. champinii after ten days of culturing while most cells in V. vinifera were alive. Thus when the differences in growth and biofilm formation are compared under different culturing conditions, renewing the sap medium (whether in tubes or in chambers) is critical for determining X. fastidiosa behaviors in different grape saps that might not be seen in closed culture.
Overall, the differences in biofilm formation between susceptible and resistant saps seem to be well explained by cell growth, that is, susceptible sap supports more growth and biofilm than the saps from resistant species, at least for the three saps tested in the sap replenishment assay. Beyond the need of a threshold population size to initiate the development of a 3-D biofilm structure, other factors such as nutrient source and cation concentration also impact biofilm structure development. For example, in Pseudomonas aeruginosa, carbon sources impact biofilm structures with amino acids or citrates promoting formation of flat, uniform biofilms, while glucose promotes formation of large cell aggregates in structured biofilms [49] ; Mg 2+ increases P. fluorescens initial attachment to surface and also changes subsequent biofilm development and structure [50] . Further characterization and comparison of xylem sap compositions in saps from susceptible and resistant hosts may help to identify and characterize plant factors that regulate bacterial virulence behaviors such as biofilm formation.
While saps from PD-susceptible and -resistant spp. fall into two separate categories, our findings suggest that within saps from PD-resistant spp. there is a complex spectrum of responses, as observed for the different growth and biofilm formation supported by saps from V. aestivalis and V. champinii. Fritschi et al. classified V. champinii and V. aestivalis as belonging to separate groups based on X. fastidiosa cell population dynamics in planta, as cells in V. champinii spiked in population but leveled in growth while growth was more supported in V. aestivalis over time [11] . In addition, we observed that cells grown in saps from the various PD-resistant spp. in microfluidic chambers produced different aggregation phenotypes. We also observed that sap from V. mustangensis, a PD-resistant spp., supports the formation of a thick lawn of cells in the chambers. However, the cells failed to form the 3-D structures such as pillars and mounds typically seen in a mature biofilm formed in the saps from susceptible spp. such as V. vinifera. Interestingly V. mustangensis is a known reservoir for X. fastidiosa that supports cell growth [11, 51] , indicating that factors other than lack of biofilm are involved in disease resistance. Aligning with our findings, a spectrum of resistance to PD is found in field studies [9, 11] . Further research, such as expression analysis of aggregation and biofilm formation associated genes of X. fastidiosa in different saps or biochemical analysis of sap components, will help to better understand the difference among different resistant spp.
Our findings are consistent with a model whereby X. fastidiosa reaches a threshold population to initiate quorum-sensing regulation resulting in formation of biofilms that can clog xylem vessels and contribute to PD [6, 52] . How this process differs between the PD-susceptible and -resistant plants is suggested by our results; we find that saps from PD-resistant species such as V. champinii and V. aestivalis do not support viable populations equivalent to PD-susceptible V. vinifera sap. Reduced populations of viable cells may fail to reach necessary threshold levels to trigger quorum sensing regulated responses, including biofilm formation [53, 54] . Reduced cell viability may be associated with low nutrient status or the presence of toxic compounds; however, additional research is needed to further understand this phenomenon. Basha et al. found that sap from PD-resistant V. rotundifolia is both less nutritious than V. vinifera sap and contains compounds involved in host defense against X. fastidiosa [26] , indicating both nutritional and other chemical factors may be involved. Identifying the component(s) in sap that lead to these observed phenotypes in renewal culture could lead to new approaches for controlling PD.
Author Contributions
Conceptualization: LH PAZ HCH TJB PM.
Formal analysis: LH PAZ.
Funding acquisition: LH HCH TJB PM.
Investigation: LH PAZ.
Methodology: LH PAZ HCH.
Writing -original draft: LH PAZ TJB PM.
Writing -review & editing: LH PAZ HCH TJB PM.
